The initial clinical stage of diabetic retinopathy (DR) is characterized by the development of intraretinal microvascular abnormalities. The increased formation of reactive oxygen species (ROS) is thought to be a key event in the pathogenesis of DR. Extracellular-superoxide dismutase (EC-SOD) is an anti-inflammatory enzyme that is distributed mainly in vascular cells and protects cells from ROS by scavenging superoxide anion. Treatment with cobalt chloride (CoCl 2 ) decreased the expression of EC-SOD but not other SOD isozymes in pericytes accompanied with an increase of intracellular ROS production. Pre-treatment with N-acetylcysteine (NAC) significantly suppressed the ROS production and down-regulation of EC-SOD. We observed the activation of caspase-3 and DNA fragmentation as signs of apoptotic process by CoCl 2 treatment. In addition, these phenomena were significantly inhibited by pre-treatment with NAC. EC-SOD enhancer 4-phenyl butyric acid also suppressed the caspase-3 activation. It is known that the presence of a high level of EC-SOD throughout the vessel walls might have an important protective role against superoxide in the vascular system. The decrease in EC-SOD expression accompanied with elevation of ROS level in pericytes under hypoxia might induce and/or promote the ROStriggered apoptosis of pericytes and the development of pathogenesis in DR.
Diabetic retinopathy (DR) is the most common and severe complication caused by diabetes mellitus and is a leading cause of acquired blindness. The initial clinical stage of DR is characterized by the development of intraretinal microvascular abnormalities.
1) The retinal microvascular system consists of endothelial cells, pericytes, Müller cells, and the extracellular matrix. Reactive oxygen species (ROS) are produced continuously in cells to maintain cellular homeostasis. However, excessive endogenous and/or exogenous production of ROS or insufficient removal of ROS could result in oxidative stress. Increased oxidative stress is thought to be one of the main contributors to the pathogenesis of DR, 2) and it has been reported that the administration of antioxidants prevented the development of retinopathy in diabetic rats. 3) Since oxidative stress occurs through excess formation and/or impaired removal of ROS, the antioxidant defense system is a crucial component in the maintenance of redox homeostasis. Superoxide dismutase (SOD) is a major antioxidative enzyme that protects cells from the damaging effects of superoxide by accelerating the dismutation reaction of superoxide. SODs work in conjunction with catalase and glutathione peroxidase to diminish the harmful effects of ROS. There are three SOD isozymes in mammals: copper and zinc-containing SOD (Cu, Zn-SOD or SOD1), manganesecontaining SOD (Mn-SOD or SOD2), and extracellular-SOD (EC-SOD or SOD3). EC-SOD is a secretory, tetrameric glycoprotein, 4) whereas Cu, Zn-SOD and Mn-SOD are intracellular enzymes that are found predominantly in the cytoplasm and mitochondria, respectively.
Recently, retinal tissue has been found to suffer chronic hypoxia during the development of DR. 5) Hypoxic conditions can be induced by certain chemicals called 'hypoxia-mimicking agents,' such as cobalt chloride (CoCl 2 ).
6) It has been suggested that cobalt stabilizes hypoxia-inducible factor-1a (HIF-1a), a transcriptional factor, and regulates a wide variety of genes to ensure adaptation to low-oxygen tension. 7) Furthermore, it has been reported that both hypoxia and hypoxia-mimicking agents increase ROS generation and promote metabolic disorders. 8) We previously reported that CoCl 2 decreases EC-SOD in green monkey kidney COS7 cells and 3T3-L1 mouse adipocytes and that the reduction of EC-SOD leads to a decrease in the resistance to oxidative stress and promotes metabolic disorders. 9, 10) Pericytes are the smooth muscle-like cells that envelope capillaries and provide vessel stability, and the selective loss of pericytes is considered as a hallmark of early DR.
11) The cause of pericyte loss during early DR remains unclear, although apoptosis and oxidative stress are reported to be involved. 12) In the present study, as an initial step toward understanding the pathophysiological conditions of DR, we examined the regulation of EC-SOD expression in pericytes by CoCl 2 and examined the role of these changes in apoptosis processes.
MATERIALS AND METHODS

Cell Culture
Conditionally immortalized rat retinal pericytes 13) were kindly provided by Professor Tetsuya Terasaki (Department of Molecular Biopharmacy and Genetics, Graduate School of Pharmaceutical Sciences, Tohoku University, Japan) and Professor Ken-ichi Hosoya (Department of Pharmaceutics, Graduate School of Medicine and Pharmaceutical Sciences, University of Toyama, Japan). The cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% heat-inactivated fetal calf serum, 100 U/ml penicillin, and 100 mg/ml streptomycin. The cells were maintained at 33°C, which is a temperature at which temperature-sensitive SV40 large T-antigen can be activated, in an atmosphere of 95% air and 5% CO 2 . The cell were grown to confluence in a 60-mm culture dish, and the medium was replaced with fresh medium containing indicated concentration of CoCl 2 (Nacalai Tesque, Kyoto, Japan), and incubated for the indicated times. Indicated concentrations of N-acetylcysteine (NAC, Wako Pure Chemicals, Osaka, Japan) or 4-phenyl butyric acid (PBA, LKT Laboratories, St. Paul, MN, U.S.A.) were added and incubated for 1 h before the treatment with CoCl 2 .
Polymerase Chain Reaction (PCR) Analysis Cells were cultured and treated in a 60-mm culture dish. After treatment, the cells were washed with cold phosphatebuffered saline (PBS) and the total RNA was extracted from cells with TRIzol reagent (Invitrogen, Carlsbad, CA, U.S.A.). The preparation of cDNA and reverse transcription (RT)-PCR was performed by the method described in our previous report 14) with the primers indicated below. The pairs of sequence-specific primers used were as follows: EC-SOD, F 5Ј-TCA CCA GAG GAA AAA CGT TC-3Ј, R 5Ј-AAG CCC TCC AGA TTG AAG GA-3Ј; Cu,Zn-SOD, F 5Ј-GTG TCA GGA CAG ATT ACA GG-3Ј, R 5Ј-TTC TCG TGG ACC ACC ATA GT-3Ј; Mn-SOD, F 5Ј-ACA ATC TGA ACG TCA CCG AG-3Ј, R 5Ј-AGT GGG TCC TGA TTA GAG CA-3Ј; vascular endothelial growth factor (VEGF), F 5Ј-AGA AAG CCC ATG AAG TGG TG-3Ј, R 5Ј-ACT CCA GGG CTT CAT CAT TG-3Ј; and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), F 5Ј-ACC ACA GTC CAT GCC ATC AC-3Ј, R 5Ј-TCC ACC ACC CTG TTG CTG TA-3Ј. We ascertained that there was a linear correlation between the amounts of PCR products and template cDNA under our PCR conditions. Aliquots of the PCR mixture were separated on 2% agarose gel and stained with ethidium bromide. Densitometric analysis of the PCR products was performed with Multi Gauge V3.0 (Fuji Film, Tokyo, Japan).
Detection of ROS Generation After the treatment of pericytes with the indicated reagents, cells were washed twice with ice-cold PBS followed by incubation with fresh culture medium without serum containing 10 mM 5-(and-6)-carboxy-2Ј,7Ј-dichlorodihydrofluorescein diacetate (carboxy-H 2 DCFDA, Invitrogen) at 33°C for 20 min in an atmosphere of 95% air and 5% CO 2 . After incubation, the cells were washed twice with ice-cold PBS. The DCF fluorescence-positive cells were visualized using an HS all-in-one fluorescence microscope BZ-9000 (Keyence, Tokyo, Japan).
DNA Fragmentation After the treatment of pericytes with the indicated reagents, cells were washed twice with ice-cold PBS and lysed on ice for 20 min in lysis buffer (10 mM Tris-HCl pH 8.0 containing 10 mM ethylenediaminetetraacetic acid (EDTA) and 0.5% Triton X-100). The lysates were centrifuged at 13000ϫg for 10 min. The supernatants were deproteinized by digestion with 200 mg/ml proteinase K at 50°C for 30 min, extracted once with an equal volume of phenol : chloroform : isoamylalcohol mixture (25 : 24 : 1), and then precipitated with 2.5 volumes of ethanol in the presence of 0.3 M sodium acetate. After centrifugation at 17700ϫg for 10 min, the pellet was washed once with 70% ethanol and re-suspended in 20 ml of 10 mM Tris-HCl pH 8.0 containing 1 mM EDTA and 10 mg/ml RNase. The DNA solution was incubated at 37°C for 1 h, and a 10 ml aliquot was separated on 1.5% agarose gel, stained with ethidium bromide, and photographed.
Assay of Caspase-3 Activity After the treatment of pericytes with the indicated reagents, cells were washed twice with ice-cold PBS and collected by centrifugation at 550ϫg for 10 min. The pellet was lysed on ice for 10 min in lysis buffer. After that, the caspase-3 activity was assayed with Apopcyto caspase-3 colorimetric assay kit according to the manufacturer's directions (MBL, Nagoya, Japan).
Data Analysis Data are presented as meanϮS.D. from at least three experiments. Statistical evaluation of the data was performed using analysis of variance (ANOVA) followed by post hoc Bonferroni tests. A p value of less than 0.05 was considered significant.
RESULTS
Effect of CoCl 2 on Expression of EC-SOD
We investigated the effect of CoCl 2 on the mRNA expression of SODs in pericytes. As shown in Fig. 1 , the mRNA level of EC-SOD was decreased by the treatment with CoCl 2 in a concentration-dependent manner, whereas the VEGF mRNA level was elevated. The above-mentioned significant changes was observed at more than 0.2 mM CoCl 2 . On the other hand, the mRNA expressions of Cu, Zn-SOD and Mn-SOD were not changed. These changes of EC-SOD and VEGF expressions were also time-dependent phenomena up to 48 h and significant changes were observed at 6 h (data not shown).
Involvement of ROS in EC-SOD Expression Intracellular ROS were visualized using the fluorescent dye DCFDA. Treatment of pericytes with 0.3 mM CoCl 2 for 24 h significantly increased the fluorescence as shown in Fig. 2A . It was observed that the pre-treatment with 1 mM NAC, a potent antioxidant, for 1 h before exposure to CoCl 2 significantly suppressed the ROS level. As shown in Fig. 2B , pre-treatment with 1 mM NAC also significantly suppressed the down-regulation of EC-SOD and up-regulation of VEGF caused by the treatment with CoCl 2 . Pre-treatment with NAC at 0.1 and 0.3 mM tended to suppress the effect of CoCl 2 , but not significant. The addition of 1 mM NAC just before the addition of CoCl 2 also significantly suppressed the down-regulation of EC-SOD and up-regulation of VEGF.
Effect of ROS and EC-SOD on CoCl 2 -Induced Apoptosis We examined the effect of CoCl 2 with and without NAC on the apoptosis of pericytes. As shown in Fig. 3A , pre-treatment with NAC suppressed CoCl 2 -induced DNA fragmentation. Elevation of caspase-3 activity as a signal of apoptosis was also observed by the treatment with CoCl 2 . In addition, this change was again completely inhibited by the pre-treatment with NAC (Fig. 3B) . PBA is a chemical molecular chaperone and can regulate endoplasmic reticulum (ER) stress. Recent study showed that PBA inhibited the development of diabetic nephropathy in rats through the attenuation of ER stress and oxidative stress. 15) Moreover, PBA was observed to suppress the downregulation of EC-SOD in our previous study. 16) A significant enhancement of EC-SOD was observed by the treatment with PBA for 6 h and more in this study (data not shown). The pre-treatment with PBA partially but significantly suppressed the CoCl 2 -induced down-regulation of EC-SOD and activation of caspase-3 (Fig. 3C ).
DISCUSSION
The body is equipped with an efficient antioxidant system consisting of endogenous antioxidative enzymes and lowmolecular-weight antioxidants. However, under pathological conditions, an imbalance between the production and detoxification of ROS can occur, which results in oxidative stress. DR is a major complication in patients with diabetes and can lead to vision impairment in a large proportion of diabetic patients. The increased formation of ROS is thought to be a key event in the pathogenesis of DR. 17) On the other hand, it is known that both hypoxia and hypoxia-mimicking agents increase ROS generation and activation of several intracellular signaling pathways. 10, 18) In this study, CoCl 2 decreased the expression of EC-SOD accompanied with the increase of VEGF, a pro-inflammatory factor. Pre-treatment with NAC significantly suppressed the ROS production, down-regulation of EC-SOD, and up-regulation of VEGF induced by CoCl 2 . In our previous study, 9) desferrioxamine, another hypoxia-mimicking agent and stabilizer of HIF-1a, was observed to increase the expression of heme oxygenase-1 (HO-1) but not affect the expression of EC-SOD and ROS generation in green monkey kidney COS7 cells. We speculated that the expression of EC-SOD is not regulated by the HIF-1a system. In this report, CoCl 2 did not increase the HO-1 expression (data not shown). From these results, it is possible that CoCl 2 decreases EC-SOD expression in pericytes by an intracellular ROS-dependent and HIF1a-independent mechanism. The result that the addition of NAC just before the treatment with CoCl 2 also significantly suppressed the down-regulation of EC-SOD should support the above discussion. However, we cannot rule out other unidentified pathways because the suppression rate of EC-SOD reduction by NAC was partial.
Caspase is a member of the cysteine/aspartic acid-specific proteinase family, which is activated by a variety of signals and plays pivotal roles in the apoptotic process. Caspase-3 is a convergence point of various apoptosis-regulating signal pathways and has been implicated in CoCl 2 -induced cell death. 19) On the other hand, ROS has been reported to activate caspase-3 and promote apoptotic cell death. 20) We observed the activation of caspase-3 and DNA fragmentation by CoCl 2 treatment, and these phenomena were significantly inhibited by pre-treatment with NAC (Figs. 3A, B) . However, it is possible that the other pathways besides apoptosis contribute to the ROS-induced cellular impairment because the suppression of DNA fragmentation by NAC was partial, while NAC completely inhibited CoCl 2 -triggered activation of caspase-3. Moreover, the up-regulation of EC-SOD by the pre-treatment with PBA also inhibited caspase-3 activation. These results suggest that sufficient removal of ROS and/or capacity of the antioxidant defense system could suppress the hypoxia-induced pathogenesis in retinal pericytes.
In retinal microvascular systems, endothelial cells are surrounded by pericytes and Müller cell foot processes. Retinal capillary pericytes mediate vascular stability and control endothelial proliferation in the retina, and selective dropout of pericytes triggers early pathological changes that lead to DR. 21) It is known that pericytes are susceptible to oxidative stress. 22) In a previous report, we described that the level of expression of EC-SOD is lower in pericytes than those in endothelial cells and Müller cells, while the expressions of VEGF and tumor necrosis factor-a (TNF-a), known as proinflammatory factors, are relatively high.
16) EC-SOD is the major SOD isozyme in extracellular fluids but is distributed mainly in blood vessel walls. 23) After secretion, EC-SOD slowly diffuses and binds to heparan sulfate proteoglycan in the glycocalyx on the surface of most cell types in the vascular wall. The presence of a high level of EC-SOD throughout the vessel walls might have an important protective role against superoxide in the vascular system. 24) The decrease in EC-SOD expression in pericytes under hypoxia might lead to a decrease in the resistance to oxidative stress and this promotes the ROS-triggered apoptosis of pericytes and the development of pathogenesis in DR. These findings enable the development of a hypothesis explaining the molecular mechanisms of oxidative stress-inducible retinopathy.
We conclude that the CoCl 2 -triggered hypoxia induces not only hyper-production of ROS but also down-regulation of EC-SOD, and these promote apoptosis of retinal pericytes. Our results further showed that treatment with antioxidant NAC and EC-SOD enhancer PBA significantly suppressed the pathogenesis. EC-SOD is the major SOD isozyme distributed mainly in blood vessel walls. The decrease in EC-SOD expression in pericytes under hypoxia might lead to a decrease in the resistance to oxidative stress and this promotes the ROS-triggered apoptosis of pericytes and the development of pathogenesis in DR.
